Abstract. The influence of size reduction on the magnetism of CoRh has been studied on a system of spherical bimetallic nanoparticles embedded in a polymer matrix. By varying the concentration and the nature of the polymer, we achieved the chemical synthesis of different sizes from 1.7 to 4.1 nm from organometallic precursors. Pulsed fields up to 30 T were used in order to approach the magnetic saturation M S . Particles with a mean diameter of 1.7 nm display a value of 2.38 µ B per CoRh unit, strongly enhanced compared to values calculated or measured on a bulk alloy. For all samples, the magnetic moment per atom and the effective anisotropy constant are found to decrease with size but are still enhanced compared to bulk values. These results were interpreted as first evidence of the cooperative role of both alloying and size reduction in the enhancement of the magnetization and the anisotropy in this system associating a three-dimensional ferromagnetic metal with a 4d metal.
1.2 nanomaterials of controlled properties taking advantage of their small size. When decreasing the size of magnetic particles, a transition occurs from polydomain to monodomain magnetic systems. When the thermal energy is sufficiently high, a superparamagnetic (SP) behaviour can be observed [2] .
The crystallographic structure is also expected to be modified drastically as already mentioned in both experimental and theoretical studies. Another aspect of nanoscale materials is the large number of surface atoms; for a 2 nm cluster, half of the atoms are surface atoms. These trends lead to the modification of the electronic band structure, at the border of the molecular and metallic states, and induce unusual magnetic properties for nanoscale clusters.
3d magnetic clusters
As a consequence of surface effects, an enhanced magnetic moment is predicted for clusters of 3d ferromagnetic (FM) metals. Such a phenomenon was first demonstrated in the case of Fe, Co and Ni metal clusters containing fewer than 1000 atoms, using molecular beam deflection measurements in high vacuum [3] . The clusters with fewer than 500 atoms display an enhancement of the magnetic moment per atom from the bulk value up to the atomic value.
4d magnetic clusters
Recently, the case of 4d metals has been addressed. Bulk 4d metals do not display any FM behaviour. However, a spin polarization can be induced by a very small perturbation of the lattice parameter, by elaborating layered structures with an FM material [4] and more efficiently by alloying with a 3d FM metal [5] . An element sensitive technique (namely XMCD) was recently used to measure the spin and orbital contributions of rhodium in CoRh [6] and FeRh [7] alloys. Size reduction also induces the appearance of FM as demonstrated by molecular beam deflection measurements for Rh nanoparticles up to 34 atoms [8] , in agreement with theoretical calculations based on tight binding methods [9] . Considering these results, size reduction promotes in some cases an electronic polarization in species at the border of FM. Rh is a typical example. As a consequence, one can expect unusual magnetic behaviours in Rh-3d FM bimetallic clusters, where both size reduction and alloying should play an important role in the electronic spin polarization.
In this article, we report the first synthesis and magnetic study of bimetallic CoRh nanomaterials consisting in isolated particles of diameter below 5 nm and their magnetic characterization. Their magnetic data clearly demonstrate the bimetallic nature of the CoRh nanoparticles with reduced exchange energy between the nearest neighbours and larger magnetic anisotropy. The main result concerns the saturation magnetization of this system. Spectacularly, high fields up to 30 T are not sufficient to fully saturate the magnetization of the smaller nanoparticle system which reaches a value twice the predicted bulk value for a CoRh alloy, suggesting a huge influence of the particle size reduction.
Chemical synthesis
The chemical synthesis of nanoparticles is very attractive considering how easily one can design and functionalize a specific material [10] . The aim of this work is to study the individual 1.3 magnetic properties of nanoparticles [11] . So the synthesis has to lead to assemblies of identical particles with pure surface state and no magnetic interactions.
The organometallic route
The synthesis of well defined nanoparticles with a diameter size in the range of 1-3 nm is therefore an important challenge. Several routes have been explored, using vapour condensation or electrochemical reduction of salts [12] . Our group has developed an organometallic approach towards the synthesis of metal nanoparticles. A neutral low-valent polyene complex of the desired metal is reacted with a reducing gas in mild conditions of pressure and temperature. In a polymer like poly(vinylpyrrolidone) (PVP), the synthesis leads to well dispersed nanoparticles with narrow size distribution of monometallic Ni [13] , Co [14] , Ru [15] , Rh, Pd and Pt [16] . In the case of cobalt, magnetic measurements can be correlated to the results obtained on clusters from gas phase experiments. The magnetic moment per atom is enhanced up to 1.94 µ B for clusters of about 150 atoms [17] . The nanoparticles behave like free clusters, which means that the dipolar interactions between particles are negligible, and the interaction with the polymer matrix is apparently too weak to induce any electronic perturbation. High field magnetization and FM resonance were also performed, which definitely confirm the enhancement of both magnetic moment and anisotropy [18] . These systems were structurally characterized via high resolution transmission electron microscopy (HRTEM) and wide angle x-ray scattering (WAXS) evidencing in the case of cobalt an unusual icosahedral structure.
Using the same chemical route, the synthesis of bimetallic nanoparticles has been achieved by simultaneous decomposition of two organometallic precursors in an organic solution of PVP. This procedure has already been successfully applied to the synthesis of Pd x Cu 1−x [19] and Pt x Ru 1−x [20] . Also, using a similar approach, Co x Pt 1−x [21] bimetallic isolated magnetic particles of nanometric size and adjustable composition have been obtained. They allow us to demonstrate the influence of the Pt concentration on the anisotropy.
Synthesis of nanoscale CoRh particles
Three systems of well isolated CoRh particles with sizes near 1.7, 2.6 and 4.1 nm, namely Coll.1, Coll.2 and Coll.3, embedded in an organic polymer, have been synthesized using the organometallic approach mentioned above.
The first two samples consist of particles dispersed in PVP; the third one consists of particles dispersed in poly(2, 6-dimethyl phenylene oxide) (PPO). The particles (Coll.1 and Coll.2) are synthesized by the simultaneous decomposition of two organometallic precursors By changing the polymer/solvent couple, one can also change the diffusion rate of the atoms and clusters in solution and thus further change the size. When using PPO in anisole and an overall initial concentration of metal precursors in polymer of 10 wt%, Coll.3 is obtained as black pellets. The microanalysis gives an atomic composition of Co 0.50 Rh 0.50 and a final metal content of 5.07 wt%.
Characterization of the colloids

Transmission electron microscopy
Figure 1(a) shows a low magnification transmission electron microscopy (TEM) image of Coll.1 showing nanoparticles homogeneous in size with a mean diameter of Φ = 1.7(±0.4) nm (Coll.1) ‡. Increasing the initial metal precursor content (20 wt%) leads to slightly bigger particles of Φ = 2.6(±0.7) nm (Coll.2). Both systems consist of isolated nanoparticles displaying a narrow size distribution ( figure 1(b) ). When observed in high resolution mode, neither Coll.1 nor Coll.2 display a well defined crystalline order (see inset of figure 1 for Coll.1). The lattice fringes spaced by 0.22 nm observed in some particles do not provide enough elements to decide in favour of a particular phase.
The particles in PPO form some aggregates of about ten particles with a particle mean diameter Φ = 4.1(±0.6) nm (figure 2). When observed in high resolution, Coll.3 displays a well defined crystalline order, some particles display a hexagonal close packed (HCP) structure while some display a face centred cubic (FCC) structure. In both cases, the lattice parameters correspond to a CoRh alloy. It is noteworthy that for bulk materials the transition from FCC to HCP structure occurs for a cobalt ratio of 0.495, very close to the cobalt content in Coll.3. 
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X-ray scattering
WAXS was performed on the three samples. The radial distribution functions (RDFs) obtained display a broad pattern, which does not correspond to the conventional periodic crystalline phases. The coherence lengths close to 1. Furthermore, the atomic arrangement in the particles seems very similar to the non-periodic one observed for other systems of nanoparticles (Co [23] , Rh [24] , CoPt [21] ). For Coll.3, the pattern is almost the same but the peaks are a little broader. The RDF may result from an assembly of FCC and HCP particles with a polycrystalline structure as evidenced by HREM experiments.
Magnetic properties
The magnetic properties have been investigated in steady field up to 5 T with a commercial SQUID magnetometer (MPMS Quantum Design). The high field magnetization measurements up to 30 T have been performed using long pulsed fields [25] . In the following, for convenience, the magnetization data have been normalized according to the Co contents although the magnetic moment is also carried by the Rh atoms in the bulk phase. Therefore, in a first step we have considered that all the magnetization is localized on the Co site. This value also corresponds to the magnetization per CoRh unit. Figure 4 (a) shows a typical zero-field-cooled-field-cooled (ZFC-FC) magnetization versus temperature (T ) curve measured in a low magnetic field of 1 mT for the smallest particles (Coll.1). It evidences a typical SP behaviour with a blocking temperature T B = 10.9 K. The inverse of the magnetization versus T shown in the inset of figure 2(a) does not follow the classical Curie law. Coll.2 displays the same behaviour with T B = 13.5 K. Coll.3 also displays a SP behaviour for temperature above the blocking temperature (T B = 38 K) (figure 5). The curves have been fitted using a method described in a previous article [26] ; the parameters of the fit are listed in table 1.
The evolution with the size of particles of the hysteresis loops measured at 2 K (figure 6) displays several interesting trends. First, a huge enhancement of the magnetization determined at µ 0 H = 5 T is depicted around 1.9 µ B per CoRh unit, independently of the mean size. The square shape of the loop increases with size and the magnetic susceptibility at high field 
Coll. Table 2 . Magnetic data at high field. decreases with size. At the same time, the coercive field also decreases. This is a clear evidence of the enhancement of the anisotropy field with reducing size [27] , and thus of the anisotropy as previously observed in 3d magnetic clusters [28] . In our case, no clear explanation can be proposed since this effect may result from a change in surface anisotropy and/or from a specific magnetocrystalline anisotropy resulting from the unusual crystallographic structure (Coll.1, Coll.2). In order to get more information about the saturation magnetization, pulsed high field magnetization measurements were undertaken (table 2). Figure 7 shows the first magnetization and remanence curves of both colloids up to 30 T at 4.2 K. A magnetic saturation was obtained for Coll.2 in fields above 15 T, while a vanishing differential susceptibility persists for Coll.1 even in high fields. Unusual irreversibility phenomena are occurring in high fields up to H irr = 13 T (8.2 T) for Coll.1 (Coll.2) up to four times larger than for Coll.3 (3.2 T). Their magnitude remains constant even when changing the magnetic field sweeping rate, allowing us to discard possible dynamic effects. We interpret the difficulty of reaching the magnetic saturation as possible evidence of surface canting.
At 30 T, the average magnetic moments per CoRh unit are 2.38 and 2.3 µ B for Coll.1 and Coll.2. For monometallic Co particles using the same experimental set-up, the moment was found to be 2.1 and 1.9 µ B per Co atom for particles with an average number of atoms of 150 and 300 respectively. More spectacularly, these values are twice the predicted bulk value for a CoRh alloy (theoretical value: 1.17 µ B per CoRh unit) [29] .
1.9
Discussion
This set of magnetic data opens new questions concerning the influence of the size on the magnetism of this 3d-4d FM bimetallic compound. These unusual magnetic properties should be interpreted in connection with both the nanometric size of the particles and the possible organization and distribution of the two elements (Co, Rh) in a particle.
Concerning Coll.3, the structure is clear enough. The HRTEM study seems to be consistent with an FCC/HCP mixture of nanoparticles. Some particles are monocrystalline and some polycrystalline which may explain the small coherence length observed by WAXS compared to the diameter determined by TEM. The atomic distribution is thus homogeneous in the particle. Since both the crystalline phase and the lattice parameters correspond to bulk CoRh, Coll.3 is structurally determined as an alloy.
For the systems of smaller size, Coll.1 and Coll.2, since the atomic organization is not identified, three hypotheses can be made. The first one consists in CoRh alloyed particles with a non-periodic crystalline structure. The other ones are based on segregated particles with a core-shell structure, namely Co at the core and Rh in the outer shell and vice versa. Let us first discuss these segregated models. Considering M S both hypotheses can be possible: Co should possess a high magnetic moment due to the small size of the core or to the small thickness of the outer shell, and an induced spin polarization on the Rh sites in contact with Co can be predicted as in the case of multilayer systems. However, the first hypothesis of a Co core can be easily rejected, since it would lead to very small size compared to the coherence length of the systems. Moreover, in segregated nanoparticles, the surface sites should be occupied by the element with the lower surface energy, namely the Co in this case [30] . Furthermore, the values of d MM deduced from the WAXS studies are larger than the expected values for the CoRh alloy and close to those of Rh. Thus, the hypothesis of segregation favours the occurrence of a Rh rich core surrounded by a Co shell. In that context, most of the magnetization should be carried by the outer surface atoms [31] . This will lead to a faster decrease of the saturation magnetization upon warming in contradiction with our experimental results. The magnetic data of Coll.1 and Coll.2 are in agreement with an alloyed structure. The three systems display a clear evolution of the magnetic properties with particle size (magnetization saturation, anisotropy, hysteretic field and irreversibility field) and Coll.3 is structurally determined as an alloy.
If one assumes that the bulk ratio µ Rh /µ Co theoretically determined by Moraïtis et al [30] is still valid at these sizes, the magnetic moments on each metal are estimated to be µ Co = 2.02 µ B and µ Rh = 0.32 µ B for Coll.1. For bulk CoRh of the same composition, the calculated magnetic moments are µ Co = 1.01 µ B and µ Rh = 0.16 µ B ; the magnetic properties are thus strongly enhanced as a result of size reduction. The smaller system, Coll.1, has the lower Co content but displays the higher M S . This can be qualitatively explained considering that the reduced Co concentration is overcompensated by size reduction. The size effect is still important up to 4.1 nm, and applying the same hypothesis, the magnetic moments for Coll.3 can be estimated at µ Co = 1.64 µ B and µ Rh = 0.29 µ B . The magnetic moment on the Co site can be compared to the one in monometallic cobalt particles; for the same particle size, the magnetic moment reaches almost the same value [26, 32] .
Conclusion
In conclusion, we report in this article the first preparation of cobalt/rhodium nanoparticles by an organometallic route. The bimetallic, most probably alloyed, character of the particles was demonstrated by both structural and magnetic studies which reveal the influence of size reduction. The anisotropy is enhanced by size reduction. We observe an enhancement of the magnetization, up to twice the value of the bulk alloy for the 1.7 nm particles. The main conclusion is that the size reduction and the association with a 3d FM compound play a cooperative role that leads to a probable enhanced induced electronic spin polarization on the Rh atoms, and preserve the Co magnetism. Some XMCD (x-ray magnetic circular dichroism) measurements have been performed to measure the spin and orbital magnetic moment on Rh and will be the subject of a further article.
